Leishmaniasis, caused by a protozoan parasite, constitutes a wide spectrum of diseases ranging from the simple self-limiting cutaneous form to the debilitating visceral form, which is often fatal if it is left untreated. Although pentavalent antimonials (sodium antimony gluconate [SAG] ) are the standard first-line treatments for visceral leishmaniasis (VL) (30) , in more recent times, increasing resistance to SAG has emerged as a major barrier in the treatment of VL. There has been an epidemic of primary resistance to SAG in parts of India (30) , and an urgent need exists to look for newer and more effective drugs.
The polyamine biosynthetic pathway is one such pathway that has been exploited successfully for the development of antiparasitic drugs (18) . Polyamines are organic cations required for cell growth and differentiation (31) . Ornithine decarboxylase (ODC), the first and rate-limiting enzyme in the polyamine biosynthetic pathway, catalyzes the conversion of ornithine to putrescine (21) , and therefore, its inhibition offers a promising approach to antiparasitic therapy (18) . ␣-Difluoromethylornithine (DFMO), the enzyme-activated, irreversible ODC inhibitor, is an effective trypanocidal drug for the treatment of patients with West African sleeping sickness (18) , even those refractory to currently available antitrypanosomal drugs and those with central nervous system involvement (22) . DFMO is also effective against other parasitic protozoa, e.g., Plasmodium falciparum and Plasmodium berghei (2) . It has been demonstrated earlier that DFMO treatment results in lowering of the intracellular polyamine content and has been shown to be effective against promastigotes of the 1S strain of Leishmania donovani (12) . In addition to DFMO, several inhibitors of ODC, like 3-aminooxy-1-aminopropane (APA), have been reported to be effective in blocking the proliferation of parasites and tumor cells (9, 13, 14, 16, 25, 29) .
In the present study we show for the first time the inhibitory effect of APA, a competitive inhibitor of mammalian ODC, on parasite growth, ODC activity, and cellular polyamine and trypanothione [T(SH) 2 ] concentrations in L. donovani. Furthermore, the L. donovani ODC gene was used to generate ODC overexpressers, and these ODC overexpressers proved to be resistant to sodium antimony gluconate, pointing toward a role for ODC overexpression in antimonial drug resistance. To understand the role of ODC in antimonial drug resistance, we analyzed the polyamine synthesis pathway in field isolates collected from patients with visceral leishmaniasis who did not respond to SAG treatment. All the SAG-resistant isolates showed an increase in ODC activity concomitant with high levels of putrescine and spermidine. Furthermore, the ODC overproducers raised in the laboratory and clinical isolates nated by injecting 5 N H 2 SO 4 ; and the activity was expressed in enzyme units, in which 1 unit is the number of nmol of CO 2 /mg protein/h.
Western blot analysis. Late-log-phase promastigotes (1 ϫ 10 8 ) were harvested, and the resultant cell pellet was resuspended in lysis buffer (morpholinepropanesulfonic acid [20 mM . Promastigotes (wild type and ODC overexpressers) were sonicated in the lysis buffer mentioned above, and cell supernatants were prepared by centrifugation at 20,000 ϫ g. Aliquots containing 50 g of protein were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto a nitrocellulose membrane with an electrophoretic transfer cell (Bio-Rad). Proteins were detected by the enhanced chemiluminescence method (Amersham Pharmacia Biotech). A polyclonal antibody (1:100 dilution) against purified L. donovani ODC, which was generated in rabbits (kindly provided by Buddy Ullman, Portland, OR), was used. Autoradiograms of the proteins were analyzed by using a model FLA 5000 imaging densitometer (Fuji, Japan). The results shown are representative of at least three independent experiments. Polyamine analysis. L. donovani promastigotes (1 ϫ 10 7 ) were harvested at 48 h of growth by centrifugation at 2,000 ϫ g (15 min, 4°C). Quantitative determination of the polyamines in acid extracts of L. donovani was performed by C 18 reversed-phase high-performance liquid chromatography after precolumn derivatization with dansyl chloride (28) .
Thiol analysis. Thiols were derivatized with monobromobimane and were separated by high-performance liquid chromatography, as described elsewhere (17) .
Northern blot analysis. Total RNA was isolated from wild-type L. donovani promastigotes (strain AG83, 2 ϫ 10 8 ) and from ODC overexpressers by using the TRI reagent (Sigma). For Northern blot analysis, 15 g of total RNA was fractionated by denaturing agarose gel electrophoresis and transferred onto a nylon membrane by standard procedures. Following the transfer of the RNA onto nylon membranes, the nucleic acids were UV cross-linked to the membrane in a Stratagene UV cross-linker. Prehybridization was done at 65°C for 4 h in a buffer containing 0.5 M sodium phosphate, 7% sodium dodecyl sulfate, 1 mM EDTA (pH 8.0), and 100 g/ml sheared and denatured salmon sperm DNA. The blots were hybridized with a denatured [␣-
32 P]dCTP-labeled DNA probe (the PCR probe comprised the L. donovani ODC-coding region) at 10 6 cpm/ml, which was labeled by random priming (NEBlot kit; New England BioLabs). The membranes were washed and air dried, visualized with a Fujifilm FLA-5000 imaging system, and quantified with ImageQuant software.
Statistical analysis. Data were statistically analyzed by the Student's t test. The data represent mean Ϯ standard deviations (SDs) of at least three determinations from two independent experiments. A P value of Ͻ0.05 was considered significant.
RESULTS
Effect of APA on growth of promastigotes and amastigotes. L. donovani promastigotes were cultured in the presence of increasing concentrations of APA. APA inhibited the growth of promastigotes in a dose-dependent manner; the effective concentration that caused 50% inhibition of growth (IC 50 ) after 72 h of drug addition was 42 M ( Table 1 ). The sensitivities of the amastigotes were tested in an intracellular amas- tigote-macrophage model. The Leishmania expression vector (pGL-␣NEO␣LUC) containing the luciferase gene was transfected into the parasite, and the resulting transfectants were used for susceptibility assays, as described in Materials and Methods. The IC 50 of APA for amastigotes after 5 days of drug treatment was 5 M (Table 1) . At these concentrations, APA did not affect the viability of the macrophage cell line J774A.1, with the IC 50 being Ͼ200 M after 24 h of drug addition. The L. donovani promastigotes and amastigotes exhibited higher sensitivities to APA (at least 4.7-and 40-fold, respectively) than the macrophage cell line J774A.1 did (Table 1) . DFMO inhibited amastigote growth in the macrophage model with an IC 50 of 50 M, but concentrations of DFMO as high as 10 mM did not have any inhibitory effect on the promastigotes (Table  1) . It is evident from Fig. 1A and B that addition of putrescine (1 mM) or spermidine (1 mM) after 24 h or 48 h of drug treatment resulted in reversal of the growth inhibition caused by APA (50 M) in promastigotes.
Effects of APA on ODC activity and polyamine and trypanothione levels in promastigotes. APA inhibited the ODC activities of the L. donovani promastigotes ( Fig. 2A) . Treatment with 50 M APA for 48 h inhibited ODC activity by ϳ76%. Treatment with APA (50 M) for 48 h also resulted in the concomitant reduction of putrescine and spermidine levels, with 50 M APA resulting in an ϳ70% reduction of putrescine levels ( Fig. 2B ) and a 44% reduction of spermidine levels compared to those for the untreated cells (Fig. 2B) . APA (50 M) inhibited trypanothione levels by ϳ79% (Fig. 2C) .
Characterization of L. donovani transfectants overexpressing ODC. Promastigotes from the L. donovani AG83 strain overexpressing ODC were isolated after transfection of an episomal ODC gene construct, as described in Materials and Methods. The growth patterns of the wild-type and ODCoverexpressing cells were very similar, with population doubling times of ϳ32 h and ϳ29 h, respectively (results not shown). Northern blot analysis of total L. donovani RNA prepared from promastigotes of the wild type and ODC overexpressers revealed the presence of the 4.8-kb and 6.5-kb ODC transcripts in both cell lines (Fig. 3A) . The presence of two ODC transcripts in L. donovani species has been reported earlier (8) .
However, the 4.8-kb transcript was more abundant in the ODC overexpressers than in the wild-type cells (ϳ6.2-fold). Interestingly, no major difference in the expression of the 6.5-kb transcript between the ODC-overexpressing and wildtype cells was observed (Fig. 3A) . Western blot analysis showed that in the ODC-overexpressing cells there was an increase in the level of ODC protein (ϳ4.4-fold) compared to that in wild-type promastigotes, which corresponded to a similar difference in ODC activity (ϳ3.8-fold) ( Fig. 3B and C) . Although overexpression of ODC in the transfectants was observed both by Northern analysis and by Western blot analysis, the increase in the level of ODC mRNA expression was higher than the increase in the level of the ODC protein. This discrepancy may be due to posttranscriptional regulation, which seems to be the mechanism of choice for gene expression in Leishmania and other lower organisms (4) .
The increased activity of ODC in the promastigotes of the overexpressers resulted in a twofold increase in the putrescine content compared to that in wild-type cells (Table 2) , but no corresponding difference in the spermidine content was observed between the two cell lines. The absence of spermine in both the wild type and the ODC overexpressers is consistent with the previous observation that L. donovani lacks spermine synthase (12) . We also quantified the T(SH) 2 levels in the wild type and the ODC overexpressers (Table 2) . Surprisingly, there were no significant differences in the T(SH) 2 levels between the wild type and the ODC overexpressers.
A link between polyamine metabolism and antimony drug resistance in leishmaniasis has been suggested (17, 32). To evaluate whether the level of expression of ODC in L. donovani affected sensitivity to the antimonial drug sodium antimony gluconate, the effect of this drug was determined in the wild-type and the ODC-overexpressing cell lines. As shown in Table 3 , the ODC overexpressers exhibited significant resistance to sodium antimony gluconate compared to the resistance of wild-type cells for both promastigotes and amastigotes. The concentrations of sodium antimony gluconate that b Intracellular levels of trypanothione were measured by derivatization with monobromobimane and separation by high-performance liquid chromatography. Data are means Ϯ SDs (n ϭ 3).
c Not significantly different from the results for the wild type.
S-1, which is a sensitive strain from a SAG-responsive patient, were 57 Ϯ 0 and 47 Ϯ 5.6 M, respectively (Table 4) , whereas the IC 50 s of promastigotes from SAG-unresponsive patients were ϳ1.4-to 3.4-fold higher than that for sensitive strain S-1 and ranged from 68 to 164 M ( Table 4 ). The IC 50 s of sodium antimony gluconate for amastigotes of the wild type and strain S-1 were 15 Ϯ 6.0 and 13 Ϯ 1.5 M, respectively (Table 4) , whereas field isolates R-1, R-2, and GE1, which came from SAG-unresponsive patients, had IC 50 s of 62 Ϯ 3.4, 23 Ϯ 1.4, and Ͼ95 M, respectively (Table 4) . ODC activity in the SAGresistant promastigotes (strains R-1 and GE1) was ϳ2.0-fold higher than that in SAG-sensitive promastigotes of strain S-1 (Table 5) . However, strain R-2 had fivefold higher ODC activities than SAG-sensitive strain S-1 ( Table 5 ). The levels of spermidine and its precursor, putrescine, were also measured in the promastigotes of clinical isolates (Table 5 ). In SAGresistant strains R-1, R-2, and GE1, putrescine levels were 1.8, 3.4-, and 2.9-fold higher, respectively, than the level in SAGsensitive strain S-1. The levels of spermidine were ϳ1.6-to 1.9-fold higher in all the SAG-resistant isolates than in the SAG-sensitive strain. However, there were no significant differences in the T(SH) 2 levels between the SAG-sensitive and SAG-resistant isolates ( Table 5 ). The competitive ODC inhibitor APA was shown to effectively inhibit the growth of amastigotes, with an IC 50 of about 10 M for the SAG-sensitive amastigotes of strain S-1, whereas concentrations of APA as high as 200 M did not inhibit SAG-resistant amastigotes of strains R-1, R-2, and GE1 (Table 4) . Thus, ODC overexpression in these clinically resistant isolates alleviated the antiproliferative effects of APA.
DISCUSSION
The polyamine biosynthetic pathway is a potential target for the development of new drugs with activities against parasitic protozoa (18) . The polyamines are essential for cell proliferation and differentiation, and interference with their biosynthesis is an established strategy for the treatment of West African trypanosomiasis caused by Trypanosoma brucei gambiense (18, 22) . Recent results obtained with null mutants of L. donovani in which genes in the polyamine biosynthetic pathway have been silenced have clearly demonstrated that this pathway is also a promising target for drugs with activities against the protozoa that cause leishmaniasis (10, 23) .
In the present study we examined the effect of APA, an ODC inhibitor, on L. donovani growth. APA is a structural analog of putrescine, and the aminooxy group in this compound forms an oxime with the pyridoxal phosphate cofactor in the active site of ODC. APA inhibited the growth of both promastigotes in vitro and amastigotes in the macrophage model, with the 50% inhibitory concentrations being 42 and 5 M, respectively. All drugs with activities against parasitic organisms that cause disease should exhibit selective activity against the pathogen and not the host; and in this regard, APA at concentrations up to 200 M had no effect on macrophages, thus establishing the usefulness of L. donovani ODC as a target for the treatment of leishmaniasis. Earlier data on the effect of APA on human T24 bladder carcinoma cells (IC 50 , ϳ24.4 M) (29) further confirm that Leishmania amastigotes exhibit higher sensitivities to APA than the mammalian cells. The antileishmanial effect of APA is mediated by the decrease in ODC activity and putrescine and spermidine levels, as corroborated by the abolition of antileishmanial activity following the addition of putrescine or spermidine. It is likely that the effect of putrescine is due to its conversion to spermidine, as has been reported previously (25) . In those studies, APA (50 M) was found to significantly inhibit trypanothione levels in the wild-type cells.
Surprisingly, in this study, addition of an irreversible inhibitor of ODC, DFMO, to promastigotes even up to a concentration of 10 mM showed no effect on growth. In an earlier study by Kaur et al. (12) , DFMO was reported to cause polyamine depletion and growth inhibition of L. donovani promastigotes. Interestingly, in the present study, DFMO inhibited a The effects of sodium antimony gluconate and APA on the growth of promastigotes and amastigotes of wild-type and ODC-overexpressing L. donovani strains are indicated as IC 50 s, which were determined as described in Materials and Methods. The results are means Ϯ SDs (n ϭ 3). 
a Stationary-phase L. donovani isolates transfected with pGL-␣NEO␣LUC were used to infect J774A.1 macrophages, as described in Materials and Methods. Luciferase activity was determined after 5 days of drug exposure. IC 50 s were determined from the graph representing the concentration of drug plotted against the number of relative light units produced by luciferase-expressing parasites. IC 50 s are given as the means Ϯ SDs of at least three independent determinations. The fold increase in the IC 50 compared to that of strain S-1 is given in parentheses. *, The resistance levels observed in the SAG-resistant isolates are statistically different from that in SAG-sensitive strain S-1 (P Ͻ 0.002).
amastigote growth in the macrophage model, with an IC 50 of 50 M. Differences in sensitivities to DFMO and also to APA between promastigotes and amastigotes is interesting and may be due to differences in the uptake of the inhibitors. Amastigotes of the L. donovani strain used in this study were shown to be highly sensitive to the ODC inhibitors DFMO and APA, which inhibited growth in the micromolar range. However, APA was 10-fold more effective than DFMO against the amastigote stage.
Previous results have shown that resistance to antimonial compounds in Leishmania is multifactorial, with contributions made by several independent mechanisms (6) . A link between polyamines and antimonial resistance has been suggested (19) . In trypanosomatids, like Leishmania, glutathione is replaced by trypanothione, which is a conjugate between the polyamine spermidine and glutathione. A correlation between resistance to antimonial drugs and increased trypanothione levels appears to exist in Leishmania (17, 32) . Thus, increased resistance to antimonial drugs was found in cells that overproduce trypanothione as a result of the increased expression of ODC (7) or ␥-glutamylcysteine synthetase (6), the rate-limiting enzyme of glutathione biosynthesis. A role of ODC in the development of antimonial resistance is supported by our findings that parasites overexpressing ODC after transfection of the gene became more resistant to sodium antimony gluconate than the wild-type cells. The ODC overexpressers expressed high levels of ODC mRNA and an approximately fourfold increase in ODC activity over that of the wild type. However, there was only a twofold increase in putrescine levels and no significant change in spermidine levels in the ODC overexpressers. No difference in trypanothione levels was observed between the wild type and the ODC overexpressers. It is possible that this discrepancy could be due to the need to maintain polyamines and trypanothione at constant intracellular levels. These ODC overexpressers proved to be resistant to sodium antimony gluconate, indicating a role of ODC overexpression in drug resistance to an antimonial compound. ODC overexpressers exhibited significant resistance to APA. The wild-type cells were more sensitive to APA than the ODC overexpressers, indicating that the target was indeed ODC.
The resistance of clinical isolates of Leishmania donovani to sodium antimony gluconate, the mainstay for the treatment of Indian visceral leishmaniasis, has become a critical issue in India. To understand the role of ODC and elevated levels of polyamines in antimonial resistance, we looked into the polyamine synthesis pathway in the clinical isolates. ODC activities were high in all three resistant isolates (strains R-1, R-2, and GE1); and concomitantly, high levels of spermidine and putrescine were also present, indicating that the resistance to sodium antimony gluconate in the clinical isolates was associated with an increase in ODC activity and significant increases in putrescine and spermidine levels. However, no strict correlation between the degree of sodium antimony gluconate resistance, as observed from the IC 50 s (Table 4) , and the corresponding levels of ODC activity in the clinical isolates was observed (Table 5 ). Thus, it is possible that ODC activity may explain the resistance to sodium antimony gluconate only in part, and several other factors may be responsible for the mechanism of resistance to sodium antimony gluconate. Surprisingly, no difference in the trypanothione levels was observed between the sensitive and the resistant clinical isolates. This was also the case in the ODC overexpressers reported in this study. Earlier reports also showed no change in trypanothione levels in Leishmania infantum isolates resistant to antimony [Sb(III)] (5). This is possibly because the levels of T(SH) 2 in the Leishmania tarentolae strain studied are much lower than those in other strains. It is also possible that the discrepancy observed in the present study could be due to the need to maintain trypanothione at a constant intracellular level. It has been reported earlier that Sb(V) depletes T(SH) 2 by efflux of the Sb-trypanothione conjugate (5, 6, 17) . This efflux system is possibly enhanced in the resistant field strain, hence leading to increased trypanothione efflux and thus explaining the relatively constant level of trypanothione, despite the increase in ODC activity and polyamine levels.
Our results demonstrate a link between ODC overexpression and antimonial resistance. We have also demonstrated that APA is a potent inhibitor of L. donovani and that its leishmaniacidal effect is due to inhibition of ODC. The inhibitory effect of APA on ODC activity correlates well with its effect on parasite growth and depletion of putrescine and spermidine levels. Furthermore, the sodium antimony gluconateresistant clinical isolates exhibited significant resistance to APA. However, APA exhibited selective activity against the pathogen and not against the host, establishing the usefulness of L. donovani ODC as a target for the treatment of leishmaniasis.
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